Curative treatment for asthma poses a challenge. Standard asthma therapy is primarily based on immunosuppressive and bronchodilator drugs, which confer shortterm symptom relief but do not cure the disease. Approximately 5-10 % of asthma patients do not respond to conventional therapy. Currently, allergen-specific immunotherapy (SIT) is the only available curative treatment for allergic asthma patients, and is most effective in monosensitized individuals. Toll-like receptor (TLR) 4 and TLR9 agonists can be used as an adjuvant to improve the efficacy of allergen-SIT. Anti-IgE therapy is currently used with varying success rates for the treatment of allergic asthma. Appropriate diagnosis and recognition of the etiology of underlying disease symptoms is essential for the success of novel immunomodulatory treatments. Disease classification based on endotypes will facilitate the appropriate choice for therapy, as endotypes describe subtypes of asthma, which are defined by distinct pathological mechanisms. Novel immunomodulatory therapies are targeting specific cytokines or cell-surface receptors and interfere with these pathological mechanisms, thereby altering the course of the disease. A range of novel immunomodulatory drugs is currently under development for the treatment of asthma. These drugs specifically target key molecules that play a role in the pathways involved in the pathogenesis of asthma, and include biologicals that primarily target cytokines and cytokine receptors, as well as small molecules that target chemokine receptors and TLRs. The safety and efficacy of many of these novel drugs still remain to be determined.
Introduction
Asthma is a chronic inflammatory lung disease that affects an estimated 300 million individuals worldwide [1] . The main characteristics of asthma are airway inflammation, bronchial hyperresponsiveness, and reversible airflow obstruction. Asthma patients may exhibit several or all of these characteristics, and it is clear that asthma cannot be considered as a single disease, but rather as an umbrella term that describes a variety of lung diseases with different underlying etiologies.
Currently, asthma is classified according to the phenotype of the disease. Due to the high level of heterogeneity of the disease, it is challenging to classify asthma into well-defined phenotypes. Initially, asthma was separated into two distinct phenotypes: extrinsic (also referred to as allergic) and intrinsic (also referred to as non-allergic) asthma. Extrinsic asthma exacerbates following respiratory exposure to known allergens, while intrinsic asthma shows no clinical or serological evidence of IgE-mediated reactions to these allergens (indicating a different mechanism of disease or failure to identify the relevant allergen) [2] . Identification of the type of granulocyte infiltration in induced sputum has been applied to classify asthma phenotypes and has proven its value for predicting treatment responses as it provides information on the mechanism of the disease pathogenesis. Based on the proportions of neutrophils and eosinophils in sputum, the following phenotypes can be identified: neutrophilic asthma (elevated sputum neutrophils), eosinophilic asthma (elevated sputum eosinophils), mixed granulocytic asthma (elevate d eo sinop hils and ne utro phils), an d paucigranulocytic asthma (normal levels of eosinophils and neutrophils). Recent studies have applied advanced mathematical tools such as cluster analysis to more specifically identify asthma phenotypes [3, 4] .
Despite the fact that these phenotypes are often clinically relevant, they frequently fail to give insight into the pathogenesis underlying the observed symptoms. Recently, another classification system for asthma was proposed based on so-called endotypes, which describe subtypes of a condition and are defined by a distinct functional or pathophysiological mechanism [5•, 6] . This novel classification is promising as it aims to describe distinct disease entities with a defining etiology, and is expected to facilitate better therapy that specifically targets the cause of the disease. So far, no consensus has been reached on defining asthma endotypes, and confirmation of proposed endotypes is still required. Recently, five asthma endotypes with associated characteristics were proposed: (1) allergic asthma [eosinophil infiltration, T helper (Th) 2-mediated inflammation and responsiveness to steroids, allergen-SIT, anti-interleukin (IL)-5 and anti-IL-4/-IL-13 therapy]; (2) intrinsic asthma (eosinophil infiltration/neutrophil infiltration, association with autoantibodies and superantigens); (3) neutrophilic asthma [innate immune response activation, abnormal histone deacetylase 2 recruitment, neutrophil infiltration, steroid resistance and responsiveness to antibiotics, antitumor necrosis factor (TNF)-α and histone deacetylase regulators]; (4) aspirin-intolerant asthma (eosinophil infiltration, altered eicosanoid metabolism, responsive to steroids and leukotriene receptor antagonists); and (5) extensive remodeling asthma (lack of inflammation, airway smooth muscle abnormalities, steroid resistance and responsiveness to therapies targeting airway smooth muscle, matrix metalloproteases, and angiogenesis) [2] . A certain endotype, for example allergic asthma, can have different disease phenotypes, such as eosinophilic asthma, exacerbation-prone asthma, or exercise-induced asthma. On the other hand, illustrating the difficulties resulting from the use of disease phenotypes, a given phenotype (e.g., eosinophilic asthma) can have several etiological backgrounds and might present in the context of a range of asthma endotypes, such as allergic asthma, aspirin-sensitive asthma, or intrinsic asthma.
Successful treatment critically depends on the correct identification of the etiology of the disease symptoms. Anti-inflammatory drugs frequently used to treat asthma include glucocorticoids, antihistamines, and leukotriene receptor antagonists. These therapies temporarily relieve disease symptoms but do not prevent the chronic course of asthma. Here we focus on different immunomodulatory strategies that act more specifically on the different pathways involved in the pathogenesis of asthma. Treatment options that are currently used in practice, as well as novel therapies that are still under development, are discussed.
Treatment
& The treatment options listed below are focused on novel immunomodulatory strategies for the treatment of asthma patients who do not respond to classical immunosuppressive therapies such as glucocorticoids, antihistamines and leukotriene receptor antagonists. Table 1 summarizes immunomodulatory therapies that have been approved for the treatment of asthma or are in clinical phase 2 or beyond.
Diet and lifestyle
& The prevalence of asthma has significantly increased during the past 50 years, especially in industrially developed nations. Since this timeframe is too short to allow major changes in the genetic makeup of the population, it is likely that lifestyle has a major influence on the development of asthma. The major lifestyle-associated factors that have been linked to the development of asthma are tobacco smoke exposure, obesity, and the microbiome. & Tobacco smoke exposure is a risk factor for the development of asthma. Parental smoking has been linked to childhood asthma and wheezing, while active smoking is associated with adult-onset asthma [7, 8] . & Obesity has been associated with an increased risk for the development of asthma and prevention of obesity is likely to reduce its incidence. In most cases the onset of obesity precedes that of asthma, suggesting that obesity could promote asthma development. Several mechanisms have been proposed that might play a role in this process. Obesity-associated systemic inflammation leads to increased production of pro-inflammatory mediators such as TNF-α and IL-6 and eotaxin [9] . Obesity also leads to mechanical changes in lungs such as reduced functional reserve capacity [9] . & The role of the microbiome in the pathogenesis of allergic diseases and asthma is currently the subject of intensive research. The potential of altering the intestinal flora through the use of probiotics for the treatment of asthma remains unclear. Administration of probiotics has been associated with reduced IgE production but not with protection against asthma [10] . Interestingly, children who grow up on a farm have a reduced risk of developing allergies and asthma. Several factors, including intake of raw milk, contact with livestock, and contact with animal feed, have been linked with this protective effect [11] .
Pharmacologic treatment
& Drug development for the treatment of asthma has become increasingly focused on biological immunomodulators such as therapeutic antibodies, soluble receptors, and cytokines, as well as small molecules [12] . These novel drugs typically target a single molecule involved in the pathogenesis of asthma. This targeted approach is expected to result in the development of specific drugs that will benefit a certain group of asthma patients with a specific endotype. The success of the development of these novel drugs critically depends on correct patient stratification during the clinical testing phase.
Biologicals

Anti-IgE therapy (omalizumab)
& IgE is a key player in the pathogenesis of allergic asthma and was recognized early on as a potential therapeutic target. Anti-IgE therapy using the humanized anti-IgE antibody omalizumab (XOLAIR®; Novartis) currently represents the only approved biological drug for the treatment of moderate to severe persistent allergic asthma that is not controlled by inhaled corticosteroids. Omalizumab binds to the Fc portion of unbound IgE and depletes free IgE. However, it cannot bind FcεRI-bound IgE, which prevents it from crosslinking FcεRI and inducing subsequent mast cell or basophil degranulation. Interestingly, depletion of free IgE also leads to downregulation of FcεRI expression on dendritic cells (DCs) and basophils, rendering these cells less sensitive to allergen exposure [13, 14] . Omalizumab anti-IgE therapy leads to significant reductions in bronchial and nasal eosinophils and in bronchial IgE + mast cells as well as T and B cells. Omalizumab treatment leads to reduction of asthma exacerbations and symptoms in patients suffering from allergic rhinitis and asthma, allowing a reduction of the required maintenance dose of inhaled glucocorticoids [15, 16] . A recent trial demonstrated that the response to omalizumab treatment differed according to patients' blood eosinophil counts at baseline. Patients with high initial eosinophil counts showed a 45 % reduction in the incidence of exacerbations, while patients with low initial eosinophil counts showed no improvements [17•] . & The use of anti-IgE therapy in children has not been extensively studied. A recent clinical trial, which included inner-city children, adolescents, and young adults with persistent allergic asthma, demonstrated a 24.5 % decrease in the frequency of reported asthma symptoms and a 920 % reduction in the number of patients who had one or more exacerbations [18•] . These findings support efficacy of omalizumab treatment in children. & Omalizumab is typically administered subcutaneously at 2-or 4-week intervals at a dose of 150-375 mg (depending on body weight and baseline serum IgE level). & Besides a previously observed hypersensitivity reaction to omalizumab, there are no specific contraindications to the use of omalizumab. No major drug interactions have been reported. & Anaphylaxis was reported in three of 3,507 (0.1 %) allergic asthma patients in clinical trials. Furthermore, the incidence of malignancy among omalizumab-treated patients was higher (0.5 %) than that observed in the placebo group (0.2 %) [19] . The clinical data, however, do not suggest a causal relationship between omalizumab treatment and cancer as the onset of most of these tumors preceded the treatment [15] . Other reported side effects include rash at injection site, gastrointestinal complaints (nausea, diarrhea, abdominal pain), and bleeding (nosebleed, increased menstruation bleed). & Omalizumab treatment is relatively costly. The annual costs vary per patient depending on frequency and dosage. Recent estimations by the British National Institute for Health and Care Excellence (NICE) on the annual cost of omalizumab therapy vary between £1,665 (for a 75 mg dose every 4 weeks) and approximately £26,640 (for a 600 mg dose every 2 weeks). The incremental cost-effectiveness ratio for adults was estimated to be around £83,822 per quality-adjusted life-year gained [16] .
Allergen-specific immunotherapy
& Allergen-specific immunotherapy (SIT) is the only available treatment that can induce long-term improvement of clinical allergy symptoms. The earliest reports on the protective effects of allergen-SIT date back to the beginning of the twentieth century, when Noon and Freeman reported clinical improvement in hay fever patients after applying subcutaneous injections of grass pollen extracts [20, 21] . The basic principle of allergen-SIT has not changed much since then. This principle comprises repeated administration of increasing doses of the causative allergen. Allergen-SIT is most frequently applied for the treatment of hymenoptera venom allergies and allergic rhinitis caused by grass or tree pollen, as well as house dust mites [22] . & Allergen-SIT acts on different levels of the immune system and induces changes on eosinophils, mast cells, basophils, T cells, B cells, and allergen-specific immunoglobulins. & Many patients who receive allergen-SIT become tolerant to late-phase skin responses at early stages of the therapy. One of the events associated with this observation is that mast cell and basophil degranulation activity is reduced already after the first administration of allergen. The mechanism underlying this effect remains largely unknown. A role for histamine receptor (HR) 2 in the suppression of basophil degranulation has been suggested. A rapid upregulation of HR2 expression on basophils was observed in bee venom allergic patients receiving SIT. HR2 expression was strongly upregulated within 6 h after the initiation of SIT and suppressed FcεRI-mediated basophil degranulation [23•]. & Induction of a tolerant state in peripheral T cells is another critical step for the success of allergen-SIT. Key cytokines that mediate peripheral tolerance are IL-10 and transforming growth factor (TGF)-β.
Peripheral tolerance is characterized mainly by the induction of allergen-specific type 1 regulatory (Tr1) cells, which produce IL-10 and TGF-β [24, 25] . Interestingly, CD4+CD25+ T regulatory (Treg) cells from atopic donors less efficiently suppress proliferation of effector T cells than Treg cells from healthy donors [26] . & Humoral immune responses are also affected by allergen-SIT. Allergen-specific IgE levels transiently increase during the first months, but decline in the later course of allergen-SIT [27] . Circulating allergen-specific IgG antibodies show a gradual increase starting from the early phases of allergen-SIT. Allergen-specific IgG4 levels show the strongest increase during the course of allergen-SIT. This can result in decreases in the ratio of allergen- [34, 35] . & IL-10-producing regulatory B cells have been associated with protection against chronic inflammatory diseases, such as autoimmune disease and allergies [36] . Recently, we demonstrated that in bee venom allergic patients, B cells specific for the major bee venom al-lergen phospholipase A2 showed increased IL-10 production after bee venom SIT. Furthermore, we demonstrated that IL-10-producing regulatory B cells specifically upregulate production of non-inflammatory IgG4 antibodies [29••] . These findings suggest a functional role for human regulatory B cells in allergen-SIT. & There are several regimens for the application of allergen-SIT. The application routes used for allergen-SIT that are currently used in patient care are subcutaneous immunotherapy (SCIT) and, less frequently, sublingual immunotherapy (SLIT). Several other SIT approaches are currently being tested in clinical trials. There is moderate evidence for the efficacy of both SLIT and SCIT for the treatment of asthma [37, 38] . SCIT may require more than 50 injections of allergen over a period of 3-5 years. This intensive trajectory results in poor patient compliance and high costs of treatment. Intralymphatic immunotherapy (ILIT) involves injection of allergens or allergen-constructs directly into the lymph node. Recent doubleblind, placebo-controlled trials investigated the efficacy and safety profile of ILIT for the treatment of pollen allergy and cat allergy. These initial studies demonstrated some improvement of allergic symptoms in response to three intralymphatic inguinal injections [39•, 40] . Therefore, ILIT may provide a more efficient method for the application of allergen-SIT. Other possible application routes for allergen-SIT that are currently being explored are epicutaneous and intradermal injection, as well as oral and intranasal application [41, 42•, 43] . & Modification of allergen preparations presents another opportunity for improving allergen-SIT. Allergens can be modified in order to prevent IgE binding, while retaining the capacity to target T cells. This prevents mast cell and basophil activation and may help to reduce the side effects of allergen-SIT. Allergen peptides, alternatively folded allergens, fragmented allergens or allergen polymers have reduced IgE but can retain the capacity to induce T cell responses [12] . Coupling of allergens to an adjuvant that triggers pattern recognition receptors is another exciting research area. Toll-like receptor (TLR) 4 and TLR9 agonists are highly immunogenic and are currently tested for their capacity enhance the efficacy of allergen-SIT. [44] & One important issue regarding allergen-SIT for the treatment of allergic asthma is the fact that the majority of clinical trials have been designed to address the efficacy of allergen-SIT in patients with allergic rhinitis, and only a fraction of these patients (approximately 30 %) have rhinitis and asthma. Therefore, most of the published clinical trials are underpowered on asthma symptoms as a primary outcome. Furthermore, there is no consensus regarding the optimal endpoints to determine the effect of treatment on asthma. Therefore, the role of allergen-SIT in asthma has not been fully clarified so far. & Adverse effects may occur as a result of allergen-SIT. Reported adverse effects of SCIT include local reactions (such as swelling) and systemic reactions (including anaphylaxis, asthma, rhinitis, and urticaria). The pooled relative risk for systemic reaction was 2.45 (95 % CI 1.91-3.13), while the pooled relative risk for local reactions was 1.4 (95 % CI 0.97-2.02) [37] . Reported adverse effects of SLIT include local reactions caused by grass pollen, tree pollen, house dust mite, and other allergens (0.2-97 % of SLIT-treated patients versus 3-38.5 % of placebo-treated patients). Local reactions in the upper and lower respiratory tract as well as cutaneous reactions have been reported. Systemic reactions have not been reported in response to SLIT [38] . A humanized anti-IL-2Rα monoclonal antibody (mAb) was evaluated in a randomized, double-blind, placebo-controlled study. The inclusion criteria were moderate to severe asthma patients who demonstrated reversible airflow obstruction despite inhaled corticosteroid treatment. Treated patients showed improved pulmonary function, significant reductions in asthma symptoms and the need for rescue medication, lower levels of blood eosinophilia, and longer exacerbation-free intervals. The majority (65 %) of the included patients (both in the treated and placebo groups) were atopic (based on sensitization towards at least three common allergens) [45] . & IL-4 and IL-13 are key mediators of the T H 2 response as they induce T H 2 differentiation of naïve CD4 + T cells and promote IL-4, IL-5, and IL-13 production by differentiated T H 2 cells, as well as the induction of IgE class-switch recombination in B cells [46] . The effect of interfering with IL-4 signaling has been evaluated in several clinical trials using anti-IL-4-blocking mAbs as well as soluble IL-4R. These studies could not demonstrate any beneficial effect on asthma symptoms and exacerbations. An explanation for the failure of anti-IL-4 treatment was sought in the functional redundancy between IL-4 and IL-13. Since both cytokines require IL-4Rα for signaling, drugs targeting IL-4Rα may be more effective. Indeed, treatment of atopic asthma patients with a mutated form of IL-4 that blocks IL-4Rα (pitrakinra, 1×25 mg subcutaneous daily or 60 mg nebulized twice daily for 4 weeks) in a phase 2 randomized, double-blind, placebocontrolled trial improved lung function upon allergen challenge, and reduced the resting inflammatory status [47] . In another phase 2 trial using anti-IL-4Rα mAbs (AMG-317, 6 weeks, 1×75-300 mg weekly) did not demonstrate clinical efficacy across the overall group of included patients based on the Asthma Control Questionnaire (ACQ), while a subgroup of patients with a high baseline ACQ score showed clinically significant improvements [48] . Several humanized mAbs against IL-13 are currently under development. The humanized anti-IL-13 mAb lebrikizumab effectively improved lung function [as measured by forced expiratory volume in 1 s (FEV 1 )] in patients with poorly controlled asthma despite glucocorticoid therapy. Patients with higher pretreatment levels of serum periostin, an IL-13-induced protein that plays a role in airway remodeling, showed the strongest improvement of lung function upon treatment, while patients with low periostin levels did not show significant improvement [49] . Therefore, serum periostin could be used as a biomarker to predict responsiveness to anti-IL-13 therapy. Therapies targeting IL-4 and IL-13 are primarily aimed at severely allergic asthma patients. & IL-5 is a key factor for eosinophil differentiation and survival and, because of the frequently observed eosinophilia in lung and circulation in asthma patients, it is a promising drug target for asthma treatment. Treatment of patients with persistent asthma with a humanized anti-IL-5 mAb (reslizumab) effectively reduced the levels of circulating eosinophils. There were, however, no observed effects on asthma symptoms, lung eosinophils, or FEV 1 [50] . Another humanized anti-IL-5 mAb (mepolizumab) reduced serum (100 %) and lung (55 %) eosinophilia in patients with mild atopic asthma. Again, no significant effects on asthma symptoms were observed [51] . A later study highlighted the importance of stringent patient stratification for clinical trials for potential asthma drugs. Mepolizumab was tested in a randomized, double-blind, parallel-group trial on a rare subgroup of patients who continued to display sputum eosinophilia and airway symptoms despite continued treatment with prednisone. In this patient group a significant decrease in the number of sputum and blood eosinophils was observed, as well as a significant reduction in asthma exacerbations and improved FEV 1 scores [52] . These findings suggest sputum eosinophilia could be used as a biomarker to predict responsiveness to anti-IL-5 therapy. & TNF-α is a pro-inflammatory cytokine that plays a role in many aspects of the airway pathology in asthma, especially in refractory asthma. TNF-α mediates recruitment of neutrophils to the lungs, induction of glucocorticoid resistance, myocyte proliferation, and stimulation of fibroblast growth and maturation into myofibroblasts [53] . Clinical trials using the soluble TNF-α receptor fusion protein etanercept demonstrated improved lung function, airway hyperresponsiveness, and quality of life symptom scores upon treatment of patients with refractory asthma [54] . The anti-TNF-α mAb golimumab did not lead to improved lung function or incidence of severe asthma exacerbations of patients with severe and uncontrolled asthma. Severe side effects of anti-TNF-α therapy occurred in the form of serious infections and malignancy, which occurred more frequently in treated patients [55] . & Several other cytokines are currently being studied for their role in the pathology of asthma. Neutralizing therapies for IL-9, IL-17, IL-25, IL-31, IL-33, and TSLP that might be beneficial for distinct endotypes of asthma are currently under investigation [12] . & Like the anti-IgE mAb omalizumab, most of the cytokine-targeting immunomodulatory drugs that are currently under development for the treatment of asthma are mAbs. Provided that the required doses and frequencies of application are comparable, the costs associated with cytokine-inhibiting therapies will most likely be in the same range as anti-IgE therapy.
Emerging therapies
Small molecules Chemokine receptor antagonists
& Chemokine receptors are G-protein-coupled receptors that play a pivotal role in the migration of leukocytes. & Eosinophils, T H 2 cells, basophils, and mast cells express CCR3 and their recruitment to the lungs is mediated by chemokines that can bind CCR3 such as eotaxin-1, -2, and -3, as well as RANTES (regulated on activation, normal T cell expressed and secreted) and monocyte chemotactic protein-4 (MCP-4) [56] . Therefore, interfering with CCR3 ligation has been proposed as a therapeutic strategy for the treatment of allergic asthma with eosinophilia. However, a recent double-blind parallel-group study of 60 asthma patients with 94.9 % sputum eosinophils did not show a significant reduction in sputum or blood eosinophil counts or improvement of lung function [57] . These observations challenge the role of CCR3 in airway eosinophilia in asthma. & Neutrophil infiltration into the lungs is mediated by CXCR2. A clinical trial using the CXCR2 antagonist SCH527123 in patients with severe neutrophilic asthma demonstrated a reduction in the percentage of sputum neutrophils and the incidence of mild exacerbations. No serious adverse effects were reported [58] . CXCR2 antagonist therapy may benefit patients with severe neutrophilic asthma.
Toll-like receptor agonists
& TLRs are key modulators of immune responses and function as sensors for danger signals such as microbial presence. Single SNPs (single nucleotide polymorphisms) and haplotypes of both TLR7 and 8 have been associated with increased risk of asthma [59] . TLR agonists are promising candidates for treatment and prevention of allergic asthma as they skew the balance of the allergic immune response from TH2 towards TH1. TLR4 and TLR9 agonists have been shown to improve allergen-SIT, as discussed above. Applications of TLR7 and TLR8 agonists (such as resiquimod and imiquimod) as standalone therapy have been tested in murine models. Skin application of imiquimod induced alterations of the respiratory leukocyte composition including an increase of DCs and natural killer cells, indicating that skin administration of this drug is a non-invasive means to modulate respiratory immunity [60] . Furthermore, the TLR7 agonist imiquimod and the TLR8 agonists (polyuridylic acid and polyadenylic acid) caused rapid dose-dependent relaxation of methacholine-contracted human airways in vitro through nitric oxide production [61] . The TLR7 agonist AZD8848 and the TLR8 agonist VTX-1463 have been tested in phase 2 clinical trials and reduced nasal symptoms in allergic rhinitis patients [62, 63] . Recently, a novel TLR9 agonist (QbG10) showed clinical efficacy in persistent allergic asthma. These patients were subjected to controlled steroid withdrawal while treated with QbG10 or placebo. QbG10-treated patients reported better controlled asthma and better lung function than placebo-treated patients [64•] . & Thus, TLR agonists have the potential to function as adjuvant for allergen-SIT, to decrease the allergic Th2 response, and to act as immediate bronchodilators.
Pediatric considerations
& The approved immunomodulatory treatments that are currently used in clinical practice are anti-IgE therapy and allergen-SIT. Anti-IgE therapy with omalizumab is currently indicated for the treatment of moderate to severe asthma in patients older than 11 years of age [16] . A recent study provided supportive evidence for the safety and efficacy of omalizumab for the treatment of children aged 6-12 years with persistent allergic asthma [18•] . Allergen-SIT (in the form of SCIT) has been approved for the treatment of pediatric asthma. SLIT is not regulated but is used in clinical practice. There is moderate evidence that SCIT improves asthma symptoms in children and high evidence that SLIT improves asthma symptoms in children [65] . The observed adverse effects of both SCIT and SLIT consist primarily of local reactions. One SCIT trial reported anaphylaxis in one out of 16 HDM allergic patients [65] .
